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SUMMARY

Phosphoric acid fuel cell component designs and stack

assembly methods were evaluated for gastightness, perfor-

mance and endurance. All work was with 5 in. x 15 in.

cell dimensions, a size employed for constructing 2 kW

stacks for the 1.5 kW methanol fuel cell powerplant.

Component development covered electrodes, the matrix,

and the bipolar plate. The electrodes employed platinum on

carbon catalyst at loadings of 0.3 to 0.9 grams/ft 2. A

coating technique for preparing SiC matrices was developed

and a new ERC proprietary matrix (Mat-l) was evaluated.

Bipolar plate mechanical and eiectrical characteristics

were determined for a range of graphite-resin ratios.

The components were evaluated in multi-cell stacks. A

total of 468 cells were assembled into 3, 10, and 80-cell

stacks. Stack assembly techniques using both prefilled and

dry matrices with wick filling were employed with equally

good results. Phenolic fiber (Kynol) and SiC matrices

were used in addition to the M.at-i matrix.

Stack testing was conducted with hydrogen and with

reformed methanol as fuel. Testing was also conducted for

I, the effect of elevated temperature, low current density,
unreformed methanol in the fuel, and thermal cycling of

the stack.

Endurance testing of stacks was carried out for over

18,000 hours with the best cell performance above 600 mV

at 100 ASF. Optimum cell performance during life testing

with pure hydrogen was above 640 mV at 100 ASF. Two 80-cell

stacks and a methanol reformer were assembled, tested and

delivered to MERADCOM.

P"0
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1.0 INTRODUCTION

The purpose of this project was to improve performance

and reliability of phosphoric acid fuel cell stacks. The

effort was focused on improving bipolar plates, electrodes,

matrices, and gas seals.

Stack component manufacturing methods have been the

subject of earlier work by Energy Research Corporation

conducted under contract to USA MERADCOM. As a result of

this effort, component manufacturinq processes which are

amenable to mass production methods were developed and

evaluated in stack tests.*

The present project was conducted in two 15-month phases.

During the first phase, 51 stacks were built and tested.

Improved bipolar plate designs and a low loading platinum-

on-carbon electrode catalyst were employed. Silicon carbide

and Kynol fiber were evaluated as matrix materials; in addi-

tion, an ERC proprietary matrix (Mat-l) was tested. Simpli-

fied stack assembly methods with reliable gas seals were

developed.

Extensive endurance testing was undertaken at 100 ASF

and 350 F nominal stack temperature. Two stacks were

tested with hydrogen fuel for more than 6000 hours, five

additional stacks were tested for over 5000 hours, and

another 15 stacks were tested beyond 2000 hours. Several

thousand hours of testing with simulated reformer product

gas were also conducted.

At the conclusion of this phase of the project, an

80-cell stack was constructed, tested, and delivered to

MERADCOM.

* Contract DAAK02-74-C-0367, Final Report, 1977.

Page No.
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During the second phase (which commenced about four

months after the completion of the first phase), additional

stack testing was conducted to determine the short-term effects

of over-temperature, high operating voltage and methanol in

the gaseous fuel. Thermal cycling between 150 and 350 F was

also evaluated, and endurance testing was extended to 18,000

hours.

At the conclusion of this phase of the project, another

80-cell stack and a 3 kW reformer were built, tested, and

delivered to MERADCOM.

2.0 COMPONENT DEVELOPMENT

2.1 BIPOLAR PLATE

A molded bipolar gas distribution plate is the key

component in a low cost, air-cooled stack. Its design has

a major bearing on performance characteristics and manufac-

turing economics of the phosphoric acid fuel cell.

In an earlier effort,* techniaues were developed fur

molding bipolar plates using phenol-formaldehyde (PF) resins

as binders for graphite. In the current project, the task

was to examine various properties of the plates, to evaluate

new gas channel configurations, and to obtain further life

and performance data, both under simulated and actual stack

operating conditions.

2.1.1 Evaluation of PF Resin Content

A number of plate properties are determined by the carbon-

resin ratio in the plate. Among those of immediate interest

for phosphoric acid stacks are specific conductance, contact

(skin) resistance, and the stability in air and in phosphoric

acid. These properties were tested using Pr resin in the

*Conti-act DrAKI2-74-C-0367, Final Report, 1977.

Page No. 2
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composition range of 17 to 33% resin.

Test samples were molded in the 15 in. x 5 in. plate mold

using flat mold faces from various mixtures of Colloid 8440

resin and graphite. The mixture of two graphites, eriployed for

all samples, consisted of 11 parts by weight Asbury A99 synthetic

(50 prn average particle size) and 4 parts by weight Asbury 850

natural graphite (6 pmn average particle size). Molding conditions

were the same as used for bipolar plate production, i.e., 4300

psi at 350 F for 5 minutes. Eleven samples were post-cured for

6 hours at 400 0Fand six samples were tested without post-

curing.

2.1.1.1 Specific Conductance: Resistivity measurements for

the molded material samples were obtained by the conventional

4-point method using the test circuit shown in Figure 1. The

values plotted in Figure 2 show that conductance varies linearly

with resin concentration up to about 30 wt% resin; above this

resin concentration, a rapid increase in resistance occurs. The

resistivity was found to range from 7 mQ-cm at 17% resin to about

35 mP-cm at 33% resin as shown in Table I.

2.1.1.2 Voltage Drop Thru Plate: Contact resistance between

the plate and electrode materials is of major interest since it

contributes to stack resistance beyond the resistivity of the

components themselves.

Voltage drop thru the molded plate material samples was

determined with graphite paper (catalyst layer support) and Ag

contacts as shown in Figure 3. The samples were compressed to

80 psi and tested with a constant current of 2.75 amperes. TheI data obtained is shown in Table II.
The apparent resistivity is shown in Figure 4 and has a

value 5 to 10 times higher than the resistivity of the plate

material. The difference between the two sets of figures may

be taken as a measure of contact resistance between the electrode

and the bipolar plate.2~ Page No. 3
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TABIE I

PLATE :.ATERIA, RESISTIVITY

0 4 point measurement

. 5 in. x 0.5 in. sample

. Voltae measured at 3 in. length

* 100 mA input current

SA-MP LE RESIN, TIT ICNESS, V'OLT -E, RESISTz.NCE, RESISTIVITY,
NO. wt? in. volts 2 0-cm

469 33 0.175 0.0376 0.376 0.0278

4636 32 0.14q 0.05-14 0.544 0.0341

4634 32 0.167 0.0537 0.537 0.0415

4633 32 0.1-12 0.0603 0.608 0.0363

46,32 32 0.120 0.0649 0.64 n  0.0320

4690 29 0.171 0.0312 0.312 0.0199

4691 20 n.155 0.0354 0.35.1 0.0232

46 .3 2,5 0.151 0.0263 0.263 0.0168

4692 23 0.11 0.0201 0.201 0.0123,

4 6 "3 23 n.10 0n.n-q 0.2i 0.01.16

-1604l 20 (133 0.0130 0.150 0.00.

• 4'93 20 n232 0.n175 0.175 0.0 113

4635 17 0. 311 0. 03 1 0.0 3 0.( 0 9

16 97 17 11-, 0. 00 n.096 0.0056

Note that contact resistance rose proportionately with

material resistivity as resin content is increased. Also, a

lowering of contact resistance was observed A.ith increased post-

cure time. This result suggests that resin concentration on

the plate surface may be reduced during post-cure; however this

needs to be verified in view of the difficulty of reproducing

contact resistance measurements.

These data also indicate that plate-electrode contact re-

sistance voltaqe loss for cells with the higher resin content

plates ma- be in the order of 30 to 40 in%" at 100 ASF (the bi-

polar plate provides only about 40' of the surface area for

Page No. 5I ~ -_ _ _ ._ _. . ....._
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TABJr. II.

AP'PARENT PLATE RESISTA!CF

. 2 in. x 2 in. Sarle

• 80 psi

* 70*F

. 2.75A (100 ASF)

SAMPLE RESIN, THICKNESS, VOLTA',E, RESISTANCE, RESISTIVITY,
NO. wt% in. Volts Q Q-cm

4682* 32 0.113 0.0110 0.0040 0.359

4633* 32 0.152 0.0137 0.0050 0.334

4684 32 0.168 0.0165 0.0060 0.363

4685 17 0.116 0.0026 0.n0095 0.083

4686 32 0.15 0.0123 0.P045 0.2q5

4687 32 0.16i n.0136 0.0049 0..

4698 26 0.154 0.0094 0.0030 0.191

4629 26 0.152 0.0077 0.0023 0.137

4690 29 0.159 0.0121 0.0044 0.281

4691 29 0.161 0.0034 0.0030 0.199

4692 23 0.155 0.0048 0.0017 0.111

4693 23 0.112 0.0053 0.0010 0.136

4694 20 0.155 0.0043 0.0016 0.103

4645 20 0.147 0.0044 0.0016 0.111

4696 17 0.153 0.0n25 0.00001 0.060

4697 17 0.157 0.0035 0.nI12 7  0.002

4608 33 0.101 0.0135 0.00i9 0.275

! * Holisrj,,,tiI~ hjjrljir 6',' iil s;.mti.,.

contact). This represents about one-half of total cell resis-

tance loss (compare cell resistivity data in Section 4.2).

Use of low resin content (177), more conductive plates could

reduce this loss by a factor of 3; however at present these

plates do not show adequate acid resistance.

* 2.1.1.3 Density: Density of the molded samples was determined

by the water immersion method. Densities ranged from 1.92 q/cc
for 17' resin to 1.76 q/cc for 33% resin as shown in Figure 5.

These data were taken on samples with a 6 hour, 400°F post-cure.

Results obtained for the individual test samples are shown in

Table III.
Pa.;e No. 7
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B131CL,A!3 PLATE MIATERIAL DENSITY

TABLE III

PLATE DENSITY DETERMINATION

(Water Disulacement M ethod)

2 in. x 2 in. x 0.2 in.

SA:IPLE RESIN, WT. IN WT. IN DENSITY,

NO. wt% AIRq 1120, g g/cc

4682 32 12.7823 5.4103 1.73

4683 32 17.0091 7.0642 1.71

4634 32 19.4252 8.3563 1.75

4685 17 14.9926 7.2387 1.93

4606 32 18.3036 8.0178 1.78

4687 32 19.1111 9.2726 1.76

4685 26 18.3922 8.6934 1.05

4 4689 26 18.4688 8.4009 1 03

4G90 29 19.0590 8.5904 1.82

4691 29 19.2300 8.5655 1.80

4692 23 19.1265 8.3938 1.R6

4693 23 17.3511 8.1682 1.84

4694 20 19.4901 9.2213 1.99

4695 20 18.3103 8.4802 1.36

4696 17 1q.7990 9.6125 1.96

4697 17 19.6788 9.37q6 1.91

4699 33 21.1692 9.2198 1.77

Page No. 8
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FIGURE 6

BIPOLAR PLATE !'EIGHT CHIANGE IN AIR

2.1.1.4 Weight Loss in Air: The bipolar plate material samples

were exposed to air in an oven at 400 F, and weight changes

were monitored periodically. The data plotted in Figure 6 show

a small weight loss proportional to the resin concentration.

When the same data is normalized with respect to the weight of

resin in the plate, the weight loss can be seen to be indepen-

dent of resin concentration.

2.1.1.5 Weight Loss in H3PO 4 : The test samples were maintained
0in 113PO4 at 350 F for over 5000 hours. The samples were period-,

NP ically removed from the acid and washed in boiling water until

a neutral condition had been achieved (pH--7). The samples were

then oven dried at 250 to 275 0 F for a period of 12 hours and
weighed on an analytical balance. As seen in Figure 7, weight
loss is again proportional to the concentration of resin in

the plate. The total weight loss over a period of 5000 hours was

1%, indicating increasing stability of the material with time

as shown in Figure 8. No evidence of extensive attack of the

samples by the acid was observed.

Page No. 9
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2.1.2 other Resins

Several new potential plate molding resins were examined

during this phase of the project. This work was limited to

preliminary compatibility tests of small samples in H 3P0 4 .

Flat plates measuring 4 in. x 4 in. were molded with

Kinel 5505 resin from Rhodia, Inc. The test samples molded at

4600 F using 33% resin with the current graphite mix showed

surface cracks after overnight immersion in H 3P0 4 at 350 F

An experimental Arofene resin from Ashland Oil Co. appeared
0resistant to H3PO. at 390 F , but needs to be tested in the

full size molding process. The current resins of choice for

bipolar plates remain Arofene 890 and Colloid 8440. Most of

the work on the project utilized the Colloid resin because of

somewhat better molding characteristics.

2.1.3 Mechanical Properties

Mechanical testing of a bipolar plate sample was performed

at Bridgeport Testing Laboratory, Inc. The sample was molded in

the 5 in. x 15 in. bipolar plate mold using flat mold faces and

was composed of 32% Colloid 8440 resin, 50% Asbury A99 graphite,

and 18% Asbury 850 graphite. Molding conditions were 4300 psi

at 340 0 F. The thickness of the plate from which the test samples

were randomly cut was 0.165 in. Results of the mechanical tests

are presented in Table IV.

The results of these tests indicate that fairly uniform

mechanical properties are obtained over the entire molded plate

area.

2.1.4 Endurance

Endurance of the bipolar plates produced on this project

was evaluated as part of numerous extended stack performance

tests. During these tests, 52 plates were in cells that operated

over 5000 hours at 350 0 F; 101 plates accumulated more than 3000

'V hours, and 161 plates were in stacks which were tested for over5: 2000 hours. The appearance of the plates following endurance

Page No. 11
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TABLE IV,

BIPOLAR PLATE MECHANJICAL PROPERTIES

Tensile Strength (ASTI-D-638)

#1 6,850 psi
#2 6,460 psi
#3 7,080 psi

Flexural Strenqth (ASTM-D-638)

#1 10,700 psi
#2 9,870 psi
#3 9,130 psi
#4 9,140 psi
45 10,440 psi

Shear Strength (ASTM-D-732)

#1 4,030 psi
#2 4,020 psi
#3 3,900 isi

Hardness (AST"!-D-785)

#1 112
*2 112
#3 113
#4 113
#5 112

testing was generally similar to unused plates, with no apparent

systematic deterioration during the test, as seen from the

photograph of a plate after 7000 hours of stack testing,

(Figure 9).

Soft areas were observed on some plates during post-test

analysis. This condition was generally limited to a single manu-

facturinq run of about 40 plates which were molded at modified

conditions (20 seconds vs 5 to 10 seconds of preheat in the

mold before compression). The softening can be attributed to

incompletely densified plate sections (porosity of the plate)

which allows acid to be wicked into the plate, causing struc-

tural deterioration.

2.1.5 Gas Distribution

Two modifications to the qas distribution pattern on the

bipolar plate were evaluated on this project. The objectives

for undertaking these modifications were:

Page No. 12
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0 increased plate strength

* improved moldability

a larger cell active area

0 deeper electrode recess

0 lower tooling costs

The modified bipolar plate designs are evident in the bipolar plate

photograph (Figure 10). The Type B plate has a staggered cross-

flow channel pattern, eliminating extended thin plate sections

for greater plate strength. On the Type C plate, the perpendi-

cular gas channels are eliminated, which greatly reduces tooling

costs. Photographs of the plate pressing dies for these two

designs are shown in Fiqure 11.

Type B and C plates were designed with an electrode recess

depth of 0.014 in. for the anode and 0.018 in. for the cathode

compared to 0.012 in. for both anode and cathode on the earlier

(Type A) plate. This change was made to accommodate the in-

creased electrode thickness resulting from the use of supported

catalyst instead of platinum black on this project.

The presently available tooling in the 5 in. x 15 in. size

can produce the following plate configurations:

A. Mold A: Present standard mold in use since the com-
mencement of the MM&T program. This mold produces an
enclosed electrolyte channel, electrode recesses 0.012
in. deep, and straight line grooves perpendicular to
the direction of the gas flow.

B. Mold B: Modification of Mold A as follows:

* Electrolvte channel not closed on top

* Electrode recessed 0.18 in. (air side)
and 0.14 in. deep (fuel side)

_ _ Staqqered grooves perpendicular to direc-

tion of gas flow for increased strenqth.

C. kMold C: Modification of Mold A as follows:

0 No electrolyte channel - mold is symmetri-
* cal on both air and fuel sides.

* Electrode recesses are same as for Mold B.

0 There are no grooves in the plate perpen-
dicular to direction of gas flow.
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Type "B" Bipolar Plate

Air Side

Fuel Side

Type "C" Bipolar Plate

FIGURE 10
BIPOLAR PLATE DESIGN
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Initial stack performance was not affected by gas distri-

bution pattern design. This had been expected since both fuel

and air field depths as well as overall plate thickness remained

unchanged. However the deeper electrode recesses in B and C

plates have improved the edge seal gastightness of the stacks.

Since the 5 x 15 in. tooling components are interchange-

able, combinations of rib patterns on the same plate are possible.

Most of the plates used on this project were molded with the "A"

fuel side pattern combined with the "B" air pattern. Also some

plates were molded with no rib pattern on one side for use as the

first or last plate in the stack.

Dimensional tolerances for the plates were monitored

continuously. Plates not conforming to a ± 0.002 in. thickness

tolerance were rejected. For standard molding procedures, the

rejection rate was 20 to 30%. All plates were also checked

for gastightness with 2 psig hydrogen as the test gas. The re-

jection rate on this test was less than 4%.

2.1.6 DIGAS Cooling Plate

The second 80-cell stack built on this project utilized

distributed gas (DIGAS) coolincl plates. This air cooling plate

concept provides additional cooling channels thru the stack in

the air flow direction as seen in the stack cutaway drawing

(Figure 12).

The cooling plates were fabricated by molding half plates

(plates with one ribbed and one flat side) and machining the

cooling channels as needed. The DIGAS cooling plate design used

for this project is shown in Figure 13.

2.2 ELECTRODES

As part of an earlier effort toward development of a

stack manufacturing process,* r: C evolved a technique for

*Contract. DAAKJ'-7'4-C-03i7, Fi nal keport , 1977.
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production of fuel cell electrodes using platinum black or

rhodium-platinum catalyst for portable powerplant stacks (5 in.

x 15 in. electrode size). Other work at ERC with small (2 in.

x 2 in.) cells demonstrated performance gains and catalyst

cost reduction potential of platinum-on-carbon compared to

platinum black as the cathodc catalyst, as seen from the polar-

ization curves of Figure 14. On the present project, manufacturing

techniques for platinum-on-carbon supported catalyst electrodes

were established for the 5 in. x 15 in. stack size.

The electrode manufacturing process used for this project

is summarized in Figure 15. This process was employed to pro-

duce electrodes with platinum loadings ranging from about 0.2

to 1.0 Qrams/ft 2. Physical characteristics of electrodes having

0.6 and 0.9 grams Pt/ft2 are listed in Table V.

I0

Fuel * jfdrogen

Oxidonf: Air

Temperacture 350' el
0.9

08 *-. ..-- - _

- 0.7 -

*0 .. 1979 Performance (0.9mg Pt/cm"
)

>06-Ji

'005

1974 Performance (4 mg Pt/cm
2

)

04 ,

03
0 50 100 150 200 250 300 350 400 450

CURRENT DENSITY, Amperes/it'

Figure 14

SMALL CELL PERFORMANCE

D0503R
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ELECTRODE CHARACTERISTICS

ELEtoFODE: Cathode Anode

Catalyst-Layer
Catalyst 10V Platinum on Carbon

2
Loading, g Pt/ft 0.9 0.6

TFE, wt% 40 40

Support layer

Material* Gratmhite Daper, 83% porous

Thickness, in. 0.017 .001

11eight, g/ft' 13.0 .13

FEP, wt% 20

Electrode

Thickness, in. 0.023 .002 0.021 .002

V,7eight, grams 13 2 13 2

" 'pp!oi by zt;La ,aole Crbon Co.

Electrodes with these catalyst loadings (0.6 anode, 0.9

cathode) were used in most stacks in the last phase of the project.

The second 80-cell stack, however, was built with cathode and

anode loadings of 0.5 and 0.25g Pt/ft 2, respectively.

Performance of 5 in. x 15 in. cell stacks built with the

supported platinum catalyst electrodes was higher than with

platinum black catalyst. Individual cell voltages in some

stacks were 0.65 to 0.67V at 100 ASF compared to 0.61 to 0.62

obtained with the best Pt black electrodes with a 2g Pt/ft
2

catalyst loading.

Stacks built with anodes having a 0.3 to 0.6g Pt/ft2 were

tolerant to 1% CO in the fuel. Performance data with various

fuels for stacks built with the supported catalyst electrodes

are shown in the stack test section of this report (Section 4.0).

2.3 SiC MATRIX DEVELOPMFNT

Silicon carbide is among the few materials which appear

to be completely inert to phosphoric acid at fuel cell operating

temperatures. Fuel cell matrices made from fine grit SiC

powder as well as from SiC whiskers have been evaluated at ERC

in small cell (2 in. x 2 in.) test rigs. As a separate task of

this project, matrix manufacturinq and stack assembly techniques
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were developed to adapt the SiC matrix process to the 5 in x

15 in. stack hardware.

Although SiC matrices have been successfully prepared in

the past by the papermaking process,* the unavailability of a

consistent quality SiC whisker material (obtained previously

from Exxon Enterprises, Inc.) limited the material choice to

SiC powder. Throughout this project, 1000-grit SiC powder

from Carborundum Corp. was employed.

The matrices were prepared by applying an aqueous SiC

slurry (formulated as shown in Table VI) directly onto the

electrode by means of the coating machine shown in Figure 16.
TABLE VI*.

SiC MATRIX COMPOSITION

Material wt%, dry basis

Silicon Carbide (1000 grit) 96 - 98

Polyethylene Oxide 0.3

Polytetrafluoroethylene (TFE 30) 2 - 4

The electrode is placed on the bed of the machine and a uniform

layer of the slurry is spread onto the electrode by a wire-

bound bar mounted in a yoke driven by a variable speed motor.

The thickness of the matrix is controlled by the gauge of the

wire on the casting bar and also by the clearance between the

bar and the electrode surface. After casting, the matrix is

air dried and sintered at 2750 C. The resulting matrix typi-

cally has a thickness of 0.007 in. and porosity in the 50 to 60%

Krange. Bubble pressure for the SiC matrix prepared by this

process was somewhat higher than bubble pressure measured for

Kynol matrices (15 to 20 psi vs ', 10 psi).

Matrix bubble pressure was measured with the testing

apparatus shown in Figure 17. The prewet, coated electrode was

placed matrix down in the appropriate area of the bottom stain-

less steel plate. The top plate was then properly secured over

the sample. Water was placed in the water retention area and 112
4pressure was slowly increased. The pressure was constantly

monitored by the pressure gauge and by the manometer. Thus the

* Contract DAAK(2-75-C-OO45, Final Report, June 1977.
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:

FIGURE 16 P0095

COATING MACHINE

pressure point (when bubbles were observed through the water
layer on top of the matrix) was determined.

Several stacks utilizing the SiC matrix were constructed

and tested. Performance of these stacks was generally compar-

able to that obtained with stacks having Kynol matrices, except

for open circuit voltage which was somewhat lower for the SiC

stacks. This may have been due to a modified stack assembly

technique used with the SiC matrix. Stack construction details

and stack test results are presented elsewhere in this report

(Sections 3.0 and 4.0, respectively).

3.0 STACK ASSEMBLY DEVELOPMENT

Effective separation of the gases in the stack and gas-

tight manifolding of the fuel are essential for good stack

performance and fuel utilization. Various methods for achieving

gastight assemblies were studied on this project.
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3.1 HARDWARE

The stacks were assembled with hardware described in

reports on earlier stack development programs.* The end support

plates were 1 in. thick solid aluminum with 1/4 in. thick

fiberglass-epoxy insulators and electric blanket heaters for

temperature control. Phenolic manifolds with 1/2 in. deep

plenums were used on both fuel and air sides of the stack.

Stack compression was maintained at approximately 5400

lbs (72 psi). This value was determined by measuring the de-

flection of previously calibrated compression bars as shown in

Figure 18. (The compression bars are made from AISI tool steel

hardened to a Rockwell hardness of 46 to 48.)

- TYP

(80 CELLS) 5

, ki

FIGURE 18

TIE BAR DEFLECTION

Contract DAK02-74-C-0307, Final Report, June 1977.
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3.2 EDGE SEALS

Two basic methods for obtaining cell edge seals were eval-

uated. The first utilizes a fluoroelastomer cement* around

the edges of the matrix, applied as shown in Figure 19. The

cement penetrates the porous matrix and also forms a bond to

the bipolar plate as shown in Figure 20. The stack is assembled

with dry components, the electrolyte being allowed to wick into

the matrix from the electrolyte fill channel. The electrolyte

fill channel can be seen in the cutaway stack section drawing,

shown in Figure 21.

The second method depends entirely on the acid filled

matrix to provide edge sealing, with no cement being used

(except to position the electrodes on the bipolar plate).

The stack is assembled with prefilled matrices, reC.,cing the time

required for wicking the stack via the electrolyte fill channel

from 4-5 days to 1-2 days. A 98% acid concentration is used in

the wet assembly technique. Prior to use, the acid is heated

to 170 0F. Next, 16 to 20 ml of acid is applied by syringe

uniformly over the 5 in. x 15 in. matrix; the stack is then

assembled in normal fashion.

Testing of 3- and 10-cell stacks assembled by both methods

did not indicate superior performance or endurance for either

method. Fuel utilization over 90% could be achieved consistently

with both assembly techniques. Initial stack performance and

endurance under load also appeared to be similar.

3.3 MANIFOLD SEALS

Viton rubber gaskets were used in all stacks to achieve

tight fuel manifold gas seals. This rubber undergoes some

residual flow when compressed at stack operating temperatures

(250 to 350 0F), producing a tight fit between the manifold and

the plate stack. Figure 22 shows the area of the manifold

over which gasket material is used.

*C-328 Viton RTV cement, The Connecticut Hard Rubber Co.
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Results of stack testing for evaluation of gastightness

are presented in the stack performance evaluation section of

this report.

3.4 ELECTROLYTE WICKING

Both the wet and dry-assembled stacks received addition-

al acid filling after assembly. The electrolyte was 98 to 102%

H 3P0 4 , prepared by heating reagent grade material (J.T. Baker,

85% H3 PO4) to the desired concentration (determined by specific

gravity measurement). A head of 1/2 to 3/4 in. acid was main-

tained above the acid channels in the plates to assure adequate

flow from the acid container to the stack. During wicking, stack

temperature was maintained at 230 to 270°F. For wet assembled

stacks, wicking time wa, usually 2 days, while dry assembled

stacks were wicked for one to two weeks, with Kynol stacks

requiring the shortest time and Mat-i stacks the longest.

Gastightness and internal resistance were used as criteria for

completion of the wicking process.

3.5 ASSEMBLY WITII DIGAS PLATES

To obtain sufficient electrical conductivity between the

two half plates, graphite paper (catalyst layer support) was

employed. Gas seals between the fuel manifold and the DIGAS

channels were obtained by placina the acid-filled Kynol matrix

on the edqes of DIGAS half plates, as shown in Figure 23. A

10-cell stack was also built with an O-rinq seal (Figure 24),

but this approach was abandoned because the Kynol wet seal proved

to be effective and simpler to construct.

3.6 STACK TERMINALS

Short stack terminals were usually formed by extending a

1-1/2 in. wide tab from the current collectors beyond the fuel

manifold seal. For the tall (80-cell) stacks and some 10-cell

stacks, an insulated luct terminil was provided, as shown in the

stack assembly drawinq (Figure 25). To improve the corrosion

Page No. 
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4.2.1 Oxygen Gain Measurement

Operation on pure oxygen cathode gas was conducted period-

ically for most stacks to diagnose the change in performance due

to electrode wetting. The oxygen performance tests were generally

of short duration (under 5 minutes) with oxygen flow in the range

of 2 to 3 stoich. Typical oxygen gains were in the 60 to 80

mV range at 100 ASF.

4.2.2 Resistance Measurement

Stack resistance was measured using a Hewlett Packard Model

4328A milliohmmeter. The major purpose for these measurements

was to ascertain that acid wicking has been completed and that

stack terminals are in good contact with the outermost graphite

plates. An example of a series of resistance measurements taken

on a 10-cell stack during electrolyte wicking is shown in Figure

28.

A disadvantage of the milliohmmeter is that only total stack

resistance (not individual cell resistances) can be measured

directly. To obtain cell resistance values, an indirect method

was employed. The stack was operated with an external power

supply and hydrogen flowing to the anode as well as the cathode;

i.e., the cathode was evolving hydrogen. Since the polarization

of both the hydrogen anode and the hydrogen cathode is relatively

small (under 5mV/100 ASF), the slope of the voltage-current

plot corresponds closely to cell resistance. Cell polarization

data obtained in this manner for Stack 16 are shown in Figure 29.

The cell resistance values of 1.5, 1.7 and 1.8 mQ agreed well

with the milliohmmeter reading of 5 mQ across the stack terminals.

4.3 THREE-CELL STACKS

Three-cell stacks were assembled to test both component

performance and assembly endurance. These stacks were also used

to evaluate the effect of several operating parameters on cell

performance since, unlike 10-cell stacks, these stacks showed

relatively small temperature variation cell to cell and inlet to
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resistance of the 0.005 in. thick Cu collector, a gold flash

(under 0.1 mil thick) was applied.

4.0 STACK TESTING

A total of fifty-six 3- and 10-cell stacks were tested

on this project for initial characteristics and endurance.

Two 80-cell stacks were also tested using hydrogen and steam

reformed methanol as fuel.

4.1 CONSTRUCTION

Construction variables evaluated in the stack tests in-

cluded bipolar plates (gas diffusion pattern), matrix (Kynol,

SiC and Mat-l) and an electrode catalyst loading in the range of

0.3 to 0.9g Pt/ft 2 of electrode. A number of electrolyte filling

procedures were also evaluated.

4.2 PROCEDURE

Stacks were evaluated for initial performance under a

number of operating conditions and for performance stability

under continuous load conditions. Most of the testing was per-

formed with hydrogen fuel, but some tests were also conducted

with simulated reformed fuel(SRF). Air rates thru the stacks

were maintained at 6 to 10 times the stoichiometric reaction

requirements. Diagnostic tests with oxygen as the cathode gas

were conducted to periodically monitor cathode performance. A

test set-up schematic is shown in Figure 26.

* Stack temperatures were controlled by the end plate heater

blankets and by air temperature and flow rate. All operating

parameters (temperature, current, voltage, flow rates) were

monitored on the test panels shown in Figure 27. A facility for

simultaneous performance testing of twelve stacks was assembled

for the purposes of this project. A separate test stand was

K built for testing the 80-cell stacks.
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FIGURE 27. STACK TEST PANEL
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outlet due to the proximity of end plate heaters to all cells.

The major construction variables and test results for these

stacks are summarized in Table VII.

4.3.1 Initial Performance

In general, peak cell voltages were observed within a few

days after placing the stack on test. However a few stacks

did show an increase of 30 to 40 mV/cell after they had operated

at 40A and 3500F for 1000 to 1500 hours. All of these stacks

had supported catalyst cathodes, and the operating voltage in-

crease probably indicates continued wetting of the catalyst with

the electrolyte.

The highest operating potentials in this series of stacks

were obtained with Kynol matrices and supported catalyst electrodes

with anode and cathode loadings around 0.6 and 0.9 Pt/ft 2 ,

respectively. There was no apparent difference in performance

between stacks assembled with wet and dry matrices. There was

also no significant difference between stacks built with the

various plate groove patterns. Polarization data for represent-

ative stacks are shown in Figure 30.

4.3.2 Performance Stability

Selected stacks were continued on test at 100 ASF and 3500

to observe performance stability. Seven stacks were tested for

more than 5000 hours; another 15 stacks were tested beyond 2000

Khours. Electrolyte was added periodically to all stacks during

life testing in 1000 to 5000-hour intervals.

Oxygen gain was determined periodically on stacks undergoing

endurance testing. In general, oxygen gains remained in the 60

to 80 mV range at 100 ASF, indicating cathode catalyst layer

stability. This is also apparent from the voltage-time curves

plotted in Figure 31.

Some of these stacks were terminated voluntarily at the end

of the first phase of the project. Other stacks were terminated

because of poor fuel utilization or low operatinq voltage. As
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CELL VOLTAGE STABILITY

shown in Table VII, early stack failures could often be traced to

gas crossover as indicated by the sensitivity of no-load cell po-

tentials to gas flow rates. This condition was usually caused

by insufficient electrolyte, particularly in some of the experi-

mental wet assembly builds, or by inadequate edge gas seals.

* As discussed in Section 2.1, sore stacks also dropped in per-

formance after a few thousand hours of testing because of plate

deterioration.

*i 4.3.3 Performance with SRF

Several stacks were operated continuously on simulated

reformed fuel (SRP) containing 72. II,, 24% CO., 1% CO, and 3%

1120. Cell operating voltages were recorded periodically for the

operatinq condition of 100 ASF at 350 0 I. while operating on

SRF and pure hydrogen. Test results are shown in Table VIII for

Stack 34. The hydrogen gain for this stack remained typically

around 15 to 20 mV/cell throughout the duration of the test (over

2000 hours) .
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TABLE VIII

PERFORMANCE DROP WITH SRF*

40A, 340 to 360°F

Stack 34

80% Fuel Utilization

TIME, 3-CELL STACK VOLTAGE, volts
hours 112 2R

2118 1.85 1.80
2259 1.86 1.82
2403 1.86 1.82
2595 1.87 1.82
2787 1.87 1.82
3027 1.87 1.84
3219 1.86 1.83
3411 1.88 1.85
3721 1.88 1.84
3933 1.88 1.83
4125 1.88 1.85
4270 1.88 1.82

* 7 : - H:, 24", - CO2, 1% - CO, 3% - H20

4.3.4 Carbon Monoxide Tolerance

The effect of CO in the fuel was evaluated for Stack 37

over the temperature ranoe of 265 to 355°F. Hydrogen utiliza-

tion for these tests was 80%. As seen from the data plotted

in Figure 32, the anodes become progressively more CO tolerant

with increasing temperature. At 315 to 320 F, the effect of

1.7% CO in the inlet is less than 10 mV at a current density

of 100 ASP and about 5 mV at 350 to 355°F, the projected operat-

ing temperature for this stack design.

4.3.5 Effect of CO'

The effect on cell voltaqe of CO2 addition to the fuel can

be seen in Figure 33. The results are consistent with the voltage

effect observed with SRF.
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4.3.6 Electrolyte Consumption

Replenishment of electrolyte in the stacks is possible

thru the filling tubes at any time during operation or storage

(with plates in the vertical position). During the extended

testing of stacks in this project, acid was added at irregular

intervals by wicking for 2 to 4 days, usually after a reduction

of open circuit or load voltage was observed. The actual

interval for needed electrolyte additions was not determined

on this project, but frequency of acid additions usually varied

between 1000 and 3000 hours of stack operation. However, one

stack (No. 39) operated for over 5000 hours without electrolyte

addition.

This procedure was modified for Stack 39 to determine the

approximate rate of electrolyte loss at the operating conditions

selected (350 F, 100 ASF). After an initial fill period of

%200 hours, the acid bottle was disconnected from this stack and

all subsecuent additions of electrolyte were accomplished by

injecting a measured volume of acid directly thru the fill tubes.

The frequency of acid addition and the volume added each time

are shown on the stack lifegraph (Figure 34).

The average rate of acid loss during the 18,000 hours of

testing this stack can be inferred from this data to be 1.09
ml/cell/1000 hours.

4.3.7 Overtemperature Testinq

This test was performed to observe the effect of operating

tcmperature above the normal operating temperature of 350 to

3 6 00F for short periods of time.

Tho stack used for the elevated temperature test had anode

and cathode catalyst loadinqs of 0.6 and 0.9a Pt/ft', respectively,

and was built with a SiC matrix. Before commencing the hich

temperature test, this stack had underqone 2100 hours of testing

at 3300I' with hydroqen fuel.
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Fuel: Hydrogen 1.3X, ,.2 % H2 0

Air: 9X,-0.2% H2 0

Temperature: 350*F

.8 Current: 40A

.7-
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< .2 Ind;cotes mlof 1.86sp. gr. H3PO4  added

0 I

0 2000 4000 6000 8000 10000 12000 14000 16000 18000

OPERATING TIME, Hours

D1291
FIGURE 34 LIFEGRAPH OF STACK 39

The stack was operated with hydrogen fuel, humidified to

%2% moisture and air humidified to ,5%. Stack temperature was

adjusted by a thermostat which controlled the heating rate of

the end plate heater blankets. Stack temperature increases of

100F were produced by manually adjusting the thermostat

settings at about 50-hour intervals. The stoichiometric ratio

of reactant flow was 1.3 for hydrogen and 9 for air. Fuel

entered the stack at room temperature, and the air entered at

200 to 250°F.

Table IX shows the stack and cell voltage measureonents

obtained during elevated temperature testing. A voltage-time

plot showing the temperatures used in this test is presented in

Figure 35.
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Load- 40A

Air 9N, 51, 11,0

TEMPERATURE, STC CELL~h FfMPOURSTS 1312
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After the 370 F test, a rupture in the fuel line occurred

causing some dilution and redistribution of the phosphoric acid

in the stack. As a result, the stack suffered a performance

drop of about 70 mV. The stack was given 6 ml of acid and again

stabilized at 350 F before the high temperature tests were re-

sumed.

After the 410°F test the stack was shut down, and some loss

of load voltage was noticed when the stack was restarted. How-

ever stack performance was stable and testing was resumed. The

stack voltage dropped to below 1 volt during the 4200F testing

phase, after operating for 25 to 41 hours at this temperature.

4.3.8 Low Current Testing

This test was performed to observe the short-term effects

of operating the stack at low current density (high operating

voltage).

The stack used for the elevated load potential testing was

built with a SiC matrix. The average anode and cathode catalyst

loadings were 0.5 and 0.6 grams Pt/ft 2 , respectively.

The stack was operated with hydrogen fuel humidified to

2% moisture and compressed air at an estimated RH of 10 to 20%

(room temperature). The fuel was not preheated, but air was

maintained at 200 to 250 F by a heated tube preheater.

Testing of this stack was initiated at 40A (106 ASF).

At the completion of 620 hours of stable operation, the load

current was reduced, and the stack was operated for 50 to 70

hours at the reduced current. This procedure was repeated until

the stack current was reduced to 5A and the corresponding average

cell voltage had increased to 730 mV.

Table X provides the increased voltage test data. The

polarization curves for this stack before and after operation at

elevated potential are shown in Fiqures 36 and 37.

The performance data at the end of the test was identical

to the initial performance data. The 02 gain remained at ' 75

mV at 40A throughout the testing. It appears, therefore, that
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TABLE X.

LOW CUPRENT TEST

Stack 54

Hydrogen 1.3X

Air 9:'

350'F

STACK STACK CELL VOLTAGE, volts
VOLTAGE, CURRENT, __OURS

Volts arT3s CELL I CELL 2 CELL 3 TESTED

1.36 40.0 0.60 0.65 0.62 622

1.92 32.5 0.62 0.67 0.64 49

1.98 24.3 0.64 0.69 0.66 66

2.04 17.6 0.66 0.71 0.68 50

2.10 12.4 0.68 0.73 0.70 50

2.16 8.2 0.69 0.76 0.72 66

2.22 5.2 0.71 0.73 0.74 49

operation at reduced load (elevated cell potential) does not

result in siqnificant cell performance decay over the relatively

short operatinq times employed in these tests.

4.4 TIEN-CELL STACKS

4.4.1 Celi Voltacie Reproducibility

Twenty 10-cell stacks were assembled as described in Section

4.1. Ten builds were used to verify desiqn and assembly proced-

ures developed as part of the 3-cell stack construction task.
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Ten additional 10-cell stacks were dedicated to evaluation of

reliability of the two assembly procedures, i.e., the "dry"

assembly using Viton rubber cement and the "wet" assembly using

prefilled Kynol matrices. The stacks were assembled with

electrodes utilizing 10% Pt on carbon catalyst, 0.85g Pt/ft
2

for the cathode, and 0.6 g Pt/ft 2 for the anode. The standard

Kynol matrices were employed, and bipolar plates had the "A"

pattern on the fuel side and the "B" pattern on the air side.

Five of the ten stacks were built by the "dry" assembly method,

and the remaining five by the "wet" method.

Testing of these stacks was conducted in the usual fashion,

i.e., measurements were made of the open circuit voltage, load

voltage at 25 to 200 ASF, fuel utilization, performance on

hydrogen and SRF, and performance stability under continuous

load at 100 ASF.

All of the 10-cell stack construction and test data are

summarized in Table XI. For the last 10 ten-cell stacks built

during this phase of the project, cell open circuit and load

potentials (100 ASF) are listed in Tables XII and XIII, respec-

tively. The data show uniform performance for individual

cells in a stack as well as between stacks. (The somewhat lower

cell potentials at the ends of the stack are associated with lower
cell temperatures.) Polarization curves for these stacks are

plotted in Figures 38 and 39. Two stacks were operated on SRF;

results of these tests are shown in Table XIV. The above results

indicate no difference in initial performance between the two

methods of stack assemblv.

Endurance testing of all stacks was conducted at 100 ASP
0

and 350 F on hydrogen fuel. No stack failures were encountered

durinq 500 hours of operation, the duration of initial stack

qualification according to the test plan. Voltage-time plots

for these tests are shown in. Figures 40 and 41.
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TABLE XI. TEN-CELL STACK SUMMARY

ANODE CATHODE AVFRAGE CELL VOLTAGE
STACK PLATE CATALYST CATALYST mV @ 40A, 350°F HOURS REASON FOR
NO. TYPE g/Ft. g/Ft. ASS'Y INITIAL AVERAGE TESTED TERMINATION REMARKS

10 AA 0.80 0.80 D 630 590 3220 Voluntary

29 AB 0.39 0.95 D 610 605 5572 Voluntary

33 AB 0.65 0.86 W 630 600 365 Voluntary

35 BB 0.61 0.81 W 620 600 1535 Voluntary

36 BB 0.62 0.81 W 630 620 60 Low Voltage Undersintered Electr.

40 AB 0.61 0.88 W 605 585 550 Crossover Dry Matrix

41 AB 0.58 0.89 W 595 590 1185 Voluntary

42 AB 0.61 0.80 W 600 595 5154 Voluntary < Submitted to MERADCOM
43 AB 0.63 0.85 W 595 580 2795 Voluntary SRP Testing (38 burs)

+CH30OH Testing
44 AB 0.60 0.84 W 590 575 1385 Voluntary

46 AB 0.60 0.89 D 600 595 670 Voluntary <Delivered to VRADCOM
47 SRF Testing (5 hours)

47 AB 0.61 0.89 D 595 575 2020 Voluntary Te tiCc (2 hr
Temp. Cyc. (121 ON-

48 AB 0.58 0.87 D 610 595 5035 Voluntary OFF CYCLES)

49 AR 0.60 0.89 D 610 580 3470 Voluntary

50 AB 0.55 0.84 D 595 575 2220 Voluntary Horiz. Oper. for
1800 hours55 AB 0.90 0.90 W 590 570 3909 Voluntary Temp. Cycle testing

57 AB 0.50 0.90 D 585 575 2016 Voluntary (348 on-off cyc.)

58 AB 0.29 0.59 D 600 580 1015 Voluntary

59 AB 0.60 0.90 W 605 610 773 Voluntary

60 AB 0.23 0.52 W 603 577 186 Crossover (No acid filler tubes)

Plate AA - (A) Fuel Side, (A) Air Side Ass'y D - Dry Assembly SRF - Simulated Reformed Fuel
AB - (A) Fuel Side, (B) Air Side W - Wet Assembly with H3PO4 74% H2, 25% CO2 , 1% CO
SB - (B) Fuel Side, (B) Air Side

Several 10-cell stacks were continued on test beyond the

initial 500-hour test period, operating on hydrogen at 350 F and

100 ASF. Performance remained stable for up to 5000 hours of

testinq under these conditions as seen from the lifegraph for

Ii Stack 48 shown in Figure 42.
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TABLE XII

CELL NO LOAD POTENTIALS

350*F

ivdrocgen/Ai r

CELL NO.7ACIK ASSl'Y1 1 2 3 4 5 6 7 8 9 101

L-

•0 Dry .34 .84 .84 .85 .85 .85 .86 .86 .86 .86

1 Dry .88 .S8 .82 .89 .87 .87 .87 .87 .83 .86,

42 Dry .88 .88 .88 .88 .86 .3.3 .87 .88 .88 .87

43 Dry .89 .37 .87 .87 .87 .87 .8S .38 .89 .87

Dry .85 .87 .83 .87 .85 .85 .84 .86 .85 .84

* Vet .35 .36 .87 .88 .87 .87 .87 .87 .87 .84

47 Wet .90 .04 .87 '.86 .90 .87 .92 .92 .90 .90

St .06 .86 .86 .87 .87 .87 .88 .88 .88 .88

49 Vet .85 .36 .85 .86 .84 .87 .87 .86 .87 .85

Wet .35 .85 C5 .85 .85 .83 .95 .36 .86 .85'

TABLE XIII

CE:,T, LOAD POTENTIALS

330_350oF

40A

Fydrogen/air

-T--CKJ ASS'Y CELL NO.
ASS'{ ] 2 3 4 5 6 7 8 9 10j

.0 Wet .53 .'9 .60 .60 .59 .59 .60 .59 .59 .58

41 'et 59 6] .60 .62 .61 .60 .61 .60 .60 .59

42 Wet .5F 59 .60 .59 .60 .59 .59 .59 .58 .57

43 Wet 6 .; .60 .6,- .60 .62 .60 .61 .60 .59

44 et .37 59 .59 .60 .60 60 .59 .60 .57 .57

46 Dry .59 1 61 .(2 .61 .61 .61" 61 .62 .60

Dry. .5 . .61 .60 .61 .60 .60 .61 .60 .59

43 -v .59 . 5( .60 .60 .60 .,q .60 60 .61 .60

49 n ' .0 .61 .61 .61 .59 .61 .61 .61 .61 .58

50 Diy ,53 59 .59 .60 .59 .60 .61 .59 .59 .59
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TABLE XIV.

STACK PERFOR.IANCE WITI1 SRF

Current: 40A (100 ASF)

Temperature: 350*F

SRF: 74% 112, 25% CO 2 , 1% CO

CELL NO. STACK 42 STACK 46

H2 SRF H2 SRF

1 0.54 0.52 0.56 0.54

2 0.60 0.58 0.58 0.57

3 0.60 0.53 0.59 0.53

4 0.60 0.53 0.59 0.53

5 0.60 0.53 0.59 0.5s

6 0.59 0.57 0.60 0.59

7 0.59 0.57 0.61 0.39

8 0.59 0.57 0.60 0.59

9 0.53 0.56 0.59 0.53

10 0.54 0.52 0.59 0.58

4.4.2 Thermal Profile

The temperature profile of one ten-cell stack, No. 50,

was investigated by inserting thermocouples into the air

channels at 1 inch intervals. The air inlet temperature was

250°F and the 1l, inlet temperature was 75°F. The air supplied

to the stack was a constant 58 liters/minute and the H2 was a

steady 3.4 liters/minute while operating at 40A.

As expected, the temperature was found to be lower near

the air and fuel inlets. In all instances the hottest point

in the long direction of the stack was found to be near the center.

In the vertical direction the hottest point was approximately 2

inches from the air outlet. The first and last two cells also

operate slightly cooler than the center cells. Temperature

profiles for the first, third, sixth, eighth, and tenth cells

from Stack 50 are shown in Fiqure 43.

Page No. 5.,..



FR-0 174

EN'EPGY RESEAInCH COAPOflATIOI'

40A
350oF

0 .

46

0.

0.

47

0.

49

0. -

0.

0

GI10 2 no jwl I Io 5O00

FT(;uRE~ 40

* I STACK PERFOPJ1AI'ICE STABILITY,
DRY ASSEM~BLY

Page No, 55



FR-0174

ENERGY RESEARCH CORPORATION

40CA

350*F

0.

40

o.5

0 .60

4 1

0-

42

0 C

43

0

ohow

FIGURE 41

S .. ACiK PERFORM1ANCE STABILITY1

tJETl ASSEMBLY

Page No. 56



FR-0174

ENERGY RESEARCH CORPORATION

Current? 40A
Ternvero ure: 350OF

-40 Fueti' |12  I 2x

Air lOx

0

50 i

-J
0
>40

4030

0 0.

330 63 900 1200 1500 1800 2100 2100 2700 3000 3300 3600 3900 4200 4500 4800 5100

TIME, Hours

D1292

FIGUE 42. EXTENDED LIFE TESTING, STACK 48

4.4.3 Thermal Cyclinq

Temperature cycling was performed with two stacks. The

cycle for the first stack consisted of a 2 hour shutdown and 6

hours of operation. During shutdown, the stack cooled to

140-150°I'. At this point the stack and fuel heaters were activated,

the fuel turned on, and the load bank connected. The warmup

ki curve for the stack obtained with this arrangement is shown in

Fiqure 44.

Under these test conditions, 120 temperature cycles were
completed. The load voltage remained stable but there was a
slight decline in the open circuit voltagie over the cyclinq

period. Some acid loss was observed in the form of drops of acid

on the bottom of the stack. This acid loss was probably caused

by the low start temperature of the stack and the lonq operating

time below 25001 (10 min.). This test was terminated volun-

tarily at the conclusion of the first phase of the project.
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10-CELL STACK WARM-UP D0516

A second thermal cycling experiment was conducted during

the second phase of the project. As in the first cycling

experiment, the stack was allowed to cool to 150'F following a shut-

down; however, the bootstrap load was applied only after the

stack had been reheated to 250 0 with end plate heaters. The

8-hour temperature cycle obtained by this procedure is shown

in !'iqur 45.

L 300 T.-1
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3 1 6 7 83
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This temperature cycle resulted in stable stack performance

as seen from the life plot in Figure 46. There was no visible

evidence of electrolyte loss, indicating that 250 F is a

sufficiently high temperature for application of load to the

stack during warmup.

10.0

B.O 0 0 0 0 0 0 0

0

> 6.0

w

j 4.0

0 OCV
Stock 55 6 40A, 350F

20 H2  3.4 R/min.

Air 59 ./min.

I I I I II I
0 50 i00 150 200 250 300 350 400

NUMBER OF CYCLES

D1294

FIGURE 46 THERMAL CYCLE TEST

4.4.4 Effect of Methanol in Fuel

Since methanol is the fuel of choice for small portable

fuel cell powerplants, tolerance to methanol in the fuel enter-

in the stack was evaluated.

Various methanol concentrations were produced in the fuel

entering the stack by passing hydrogen gas thru an aqueous

solution of methanol. A gas diffusion tube was used to assure

adequate saturation of the gas with water and methanol vapor.

The partial pressuru of methanol over the solution was cal-

culated using Raoult's Law with methanol and water pressures taken

as 124 and 23.7 mm fig, respectively. (These vapor pressures

correspond to 250C). The methanol concentrations obtained by

this method are shown in Table XV.
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TABLE XV METHANOL CONCENTRATION

RUN SOLUTION VAPOR
NO. Wt % M01% Vo1% Wt%

1 0.61 0.34 0.05 0.71

2 1.23 0.68 0.11 1.39
3 3.07 1.73 0.28 3.49

4 6.13 3.55 0.58 7.01

5 12-27 7.2S 1.18 13.40
6 30.67 19.92 3.24 30.76
7 61.34 47.16 7.68 53.73

Because of the higher volatility of methanol -o" pared to
water, a reduction of methanol concentration occurs during the

50-hour test run, and the end-of-run concentration of methanol

was found to be under 1% by weight for all runs as determined

by specific gravity measurements. The average and total flows

of methanol calculation for each run are shown in Table XVI.

TABLE XVI METHiANOL FLOW

Run No. , M;00ii Wt. :-'00H, MeOH Flow,
_ in So n _ _ _ _/h__ _

1 0.61 5. S 0.10

2 1.23 10..3 0. 2
3 3.017 26 0.52

4 6.11 52 1.0.1
5 1 . 27ln-I : '2.. o 1

". 7 6 . . I 2i.. '..

S;'L,;ht I '! ;tartin< :;olot I e.: I0 ,:i Os

Rt::l d ti On 30 hr.;. 2 hr .

A l)-cel I stack (No. 42) was used to obtain response to
methanol in fuel. Cell voltageo readinqs were recorded for the
stack o|peQrating first on humidified hydrogen. The methanol-
containino fuel was then switched on, volta(le was allowed to
stabilize for 2 hours, and readinos were recorded. Results of

these tefsts are shown in Tab]e XVTI.
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T.MiL: XVII

CELL LOAD VOLTAGE WITH METHANOL IN FUEL

Stack No. 42, 40A, 350
0
F

50 hours ± 2 hours

CELL METHANOL TN FUEL, vol%

No. 0 0.60 1.2 3.2 7.7

2 .591 .590 .590 .585 .571

3 .598 .597 .597 .593 .579

4 .600 .600 .598 .'594 .582

5 .605 .605 .608 .598 .583

6 .595 .594 .593 .588 .577

7 .592 .592 .589 .584 .570

8 .600 .601 .599 .594 .581

9 .578 .581I .572 .560

When the methanol concentration in the fuel exceeded 1.2%,

a temperature rise was observed in the stack, possible because of

diffusion of methanol thru the electrolyte and reaction with

air on the cathode catalyst. This effect precluded use of a

methanol concentration above 7.7'. The slight operating voltage

depression caused by methanol in the fuel was found to be reversi-

ble.

4.5 EIG1ITY-CELL STACKS

4.5.1 Construction

Two 80-cell stacks, nominally rated at 2.1 kW, were con-

structed and tested. The first stack was built at the conclusion

of Phase I of the project with Kynol matrices. The second stack

was built with Mat-I matrices at the end of the second phase.

Both stacks were assembled dry and were filled with electro-

lyte by the conventional wickinc method described earlier.

1-ickin1 time was about ]0 das for Stack 51 (Kvnol matrix) and

3 weeks for Stack 61. ("at-1 matrix)
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During the initial testing of Stack 61, a gas crossover

condition was indicated in Cells 26 thru 30. The stack was

opened and these cells were replaced, using the wet assembly

technique. After the stack had been reassembled, it was given

an additional 3 days of electrolyte wicking.

Specifications for the fuel cell components used for the two

stacks and approximate component weights are listed in Tables

XVIII and XIX, respectively.

TABLE XVIII

EIGFTY-CELL STACK COMPONENTS

Stack 51 Stack 61

Cathode (Standard) (DIGAS)

Catalyst Type 10% Pt on Carbon

Platinum loading,ci/ft 0.85 * .5 0.52 ±.05

Support layer Stackpole qraphite paper

Thickness, in. .023 ± .002 .021 ± .002

Veiqht, g 17.8 t .8 14.5 - .5

Anode

Catalyst type 101 Pt on Carbon

Platinum loadina, g/ft: 0.60 * .05 0.24 ± .03

Support laver Stac1so1e graphi te paper

Thickness, in. .021 .002 .019 ± .002

Veiqht, (1 13.0 .7 9.8 ± .5

Materil K.no] Mat-I

'hickn.ss 0.013 .001 0.020 .002

i 7.7 .4 16.0 .5

M1aterial 3 ' C(olloid 944C, 67: ,iraphite

Pi [h ;i":n "," -Iel ;ide "I" sir side
Thiiclir:,. i;, in. 0.I(,5 0.00-,

,1 ht, ,192 3
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TABLE XIX

STACY COMPONENT WEIGIITS

COMPONENT ISTACY 51 (Standdrd) STACY 61 (DIGAS)I Unit No. Total Unit No. * Tctal k
wt.,d used wt.,k( wt.,e ,used V.t. ,ka escri tior

Bipolar
Plates 192 81 15.55 190 66 12.54

DIGAS
Plate • 310 15 4.65

Anodes 13 80 1.04 9.8 80 078 (0.3g Pt/ftl
Cathodes 18 80 1.44 14.5 80 1.16 (0.t5 Pt/f

Matrices 8 80 0.64 16.0 80 1.28

Ta Inserts 2 160 0.32 ---.. -

Cement 2.5 80 0.20. 1. 5,te11 SO 0.12 ---

Electrolvte' 29 80 2.32 36/cell 180 2.38

xht.cof '.ll

Cel 21.5i 23.41
co:nport nts',1

C~r re r.
Col lct' !s 47 2 0.10 45 2 0.0q

Insu 1a, t _ rs 675 2 1.35 S00 2 1.

cEnl plates 3319 2 6.64 300,0 2 6.0,

Air
1,a 50 2 1.10 530 2 1 ,

Ma! F ' 2 0.81 0.

7 0.2
n  

70 , '

Tio :'arsr 773 4 3.0') 770 4

2.I 4ie 1 .0 25.0 4 1.'7

Lt wtkl : 35.') 37.C

(79 lbs4  (02 Ibs)

Gas manifolds, blower, and recirculating ducts of the

type employed on previous projects* for 2 kW stacks were fabri-

cated and installed. A 2 kW nichrome wire electric heater in-

stalled in the air recirculation duct was used to provide

startup heat for the stack. A schematic drawinq of this arrange-

ment is shown in riqure 47.

• i lltract [VA ;5.l-,', -'-)I, , .inaL i,,port, Apr. 1178.

jRage No. 64

-4 1 -_ .. . .. ... . ".. . . -... ..



FR-0174

ENERGY RESEARCH CORPORATION

Temp. Controller

Recirc. Duct
Fuel >
,1anifold

Air I let

Man ifo 1 d

I ~ >~. Heaters

Blower

~~1 7 ~- : -:u ;TNCi AS.E'13LZ D1363~

The 80-cell stack constructed at the end of the first

phase of the project did not utilize DIGAS cooling plates.

Photographs of this stack before and after installation of gas

manifolds are shown in Figure 48.

The second SO-cell stack was constructed with DIGAS

cooling plates spaced at 5-cell intervals. The spacing and

design of the cooling plates used in this stack were based on

results from an earlier EnC fuel cell developmient project.*

A photograph of this stack before installation of manifolds

is shown in Figure 49.

*Contract EC-77-C-03-14)4, Final Roport, 1978.
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4.5.2 Performance with Hydrogen Fuel

Polarization data for the two 80-cell stacks were obtained

with hydrogen diluted with CO 2 (80% H2 , 20% C02). Although

Stack 61 (DIGAS Cooling) had only about 40% of the total catalyst

loading of Stack 51 (0.76 vs l.8q Pt/ft 2), performance of the
two stacks was remarkably similar as seen from the polarization

curves, Figure 50. This is due, to a large extent, to the im-

proved air circulation rate thru the DIGAS stack as evidenced by

the higher inlet air temperature (280 vs 230°F) Both stacks

employed the same air blower* and air side ducting.

Voltage measurements for the 10-cell groups at 40A load

current are shown in Table XX. The fuel utilization employed

for these tests was higher (80 to 90%) than the stack fuel utili-

zation goals for the small powerplant design(%75%).

TABLE XX

EIGHTY-CELL STACK PERFOR4ANCE

Fuel: Hydroqen

Load Current: 40A

Temperature : 350
0
F

CLL LOAD VOLTAGE, V
~GROUP Stack 51 Stack 61

I - 10 5.50 5.66

II - 20 5.58 5.42

21 - 30 5.48 5.69

31 - 40 5.59 5.49

4 - 50 5.58 5.54

51 - 60 5.61 5.54

61 - 70 5.54 5.64

71 - 80 5.60 5.71

,j * ; T'r ,, im~ x is, 7 I M at 1.2 in. ti|O.
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FIGURE 50. EIGHTY-CELL STACK PERFORMANCE
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4.5.3 Testing with Methanol Reformer

A methanol reformer was constructed in July of 1979 for

the purpose of evaluating stack characteristics with reformed

methanol. Construction features of the annular reformer em-

ployed are shown in Figure 51, and its major design parameters

are listed in Table XXI. The unit was operated at 380 to

4600F with 1.3:1 water-methanol ratio; this operating condition

produced fuel having the composition shown in Table XXII. A

temperature profile obtained for the reformer with 20 cc/min

fuel feed rate is shown in Figure 52.

The test setup used for testing the second 80-cell stack

(No. 61) with the methanol reformer is shown in Fiaure 53.

With 75 to 80% fuel utilization, the anticipated drop in

stack performance of 15 to 20 mV/cell was observed with re-

formed methanol compared to hydrogen fuel, as seen from the

voltage-current data in Table XXIII.

TABLE XXI

REFORMER C11A.RACTFRTSTTCS

Construction Material SS-316

Blower Rotron Aximax- 3

Ignitor Glow plua

Thrrnoco j les Chromel-Alumel

Catalyst type United Catalyst T2130

Catalyst weiqht 6.2 lbs

Heat transfer area 3.5 ft'

Height of bed 14 in.

Bed thickness 0.5 in.

Outside diameter 6.25 in.

Inside diameter 5.25 in.

Total weiuht 25 lbs %approx.)

Design space velocity 2000 hr-1 (total product)

Fuel input 5.9 Tbs/hr

Heat reouired 214,? PFTU/hr

Heat flux 772 BTU/hr/ft2

Overall heat transfer 2.15 BTU/hr/°F/ft'
coefficient
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TABLE XXII

REFORMER GAS COMPOSITION (DRY BASIS)

Hvdroaen 74.7%

Carbon Dioxide : 24.0%

Carbon Monoxide: 1.2%

Methanol 0.1%

Total: 100.0%

TABLE XXIII

PERFORIANCE OF STACK 61 WITH REFORMED METHANOL

StacL Temperature: 350°F

Fuel Rate : 35 ml,/min*

CELL GE-Q2' LOAD VOLT.AGE, V

3 35A 1 0A

1 - 10 5.58 5.42
11. i - 20 5.11 4.97

21 - 30 5.59 5.47

31-0 5.44 5.25

41 - 50 5.j3 5.14

51 - 40 5.47 5.35

ii - 70 5.55 5.40

71 80 5.65 5.47

SL'. 1" : ],),) Ci i ii ,inversion .mdi
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2 Reformer 20 cc/min.
I Burner 20 cc/min.

Z90%/ conversion4
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5.0 CONCLUSIONS

During this program, stack assembly procedures were esta-

blished which resulted in reliable performance of 10- and

80-cell stacks of the two basic assembly methods, (wet anu dry).

The wet method appears to be more desirable since reliable

performance can be achieved and stack assembly time is

considerably reduced. Both 80-cell stacks built on this

project were assembled by the dry method, however. Other

significant accomplishments were: incorporation of an air-cooled

bipolar plate (DIGAS plate) and an improved ERC matrix (Mat-l)

into the stack assembly. The latter appears to be the matrix

of choice because of its excellent acid retention properties.

This project also resulted in the successful construction

and testing of stacks with relatively low platinum catalyst

loadings. The loading was reduced from 4g/ft 2 in earlier

stacks using platinum black catalyst to as low as 0.75g/ft 2

in the current stacks using supported platinum catalyst.

The capability for operating low loaded stacks on methanol

reformer product gas was also demonstrated.
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